Abstract-Torque ripple caused by stator current and flux harmonics is one of the main issues in the doubly fed induction generator (DFIG)-dc system, which inherently has to operate with distorted waveforms produced by the diode commutation. This paper proposes a torque-ripple mitigation strategy based on a predictive estimation of the reciprocal of flux linkage. The predictive estimation compensates for the intrinsic delay in the actuation of the torque-ripple rejection signal through the rotor current control loops. Unlike other approaches relying on complex current regulators with selective harmonic tracking, this strategy is based on well-established proportional-integral (PI) controllers for the rotor currents. PI current controllers can then still have bandwidth values typical of usual DFIG systems. Simulations and experiments on a test-rig show that the compensation strategy achieves a strong torque ripple reduction and is very robust against stator frequency variations.
I. INTRODUCTION
I N RECENT years, dc power systems technology is receiving more and more attention which goes well beyond high-voltage dc transmission lines between large power-system areas. As an example, medium-voltage dc-grids are seen as cost-effective for local interconnection of large wind turbines in off-shore wind farms and for the connection to on-shore substations [1] , [2] . The interest toward dc power systems is not limited to interconnection grids but it also focuses on dc microgrids for distributed generation [3] , where different sources, storages, and loads can be put together and work more efficiently than in ac systems [4] - [6] .
Interfacing variable-speed generation drives to a constantvoltage dc-link requires either a fully rated pulse width modulation (PWM) converter, as for induction and permanentmagnet synchronous generators, or oversized machinery, as in the wound-field synchronous generator connected to an uncontrolled rectifier.
The well-known feature of doubly fed induction generators (DFIG) allowing variable-speed constant-frequency ac power generation with derated power electronics [7] , [8] has been recently considered also for constant dc-voltage generation [9] - [11] . In DFIGs, stator and rotor can be interfaced to the same dc-link via two voltage source inverters (VSIs) [9] . By controlling the stator frequency proportionally to speed in such a way as to operate the system with a slip equal to -1, the two VSIs can be rated to half of the overall power. An alternative approach has been adopted in [10] by replacing the stator VSI with a diode bridge and using only one derated VSI, which provides the necessary rotor excitation. This layout is known as DFIG-dc system and allows some savings in power electronics costs with respect many other generation drives. A similar topology has been investigated for dual stator-winding induction generators [12] , [13] . A DFIG, hybrid ac-dc layout has been proposed in [14] to supply ac-loads and allows integration into a dc system via a VSI and twelve-pulse diode bridge.
The field-oriented control of the DFIG-dc system connected to a constant-voltage grid was explored in [10] . It is suggested to control the stator frequency by adjusting the stator flux magnitude rather than the in-quadrature rotor current, which would be the sensible choice for conventional stand-alone DFIGs in ac-systems [15] , [16] . The in-quadrature rotor current is then deputed to torque or dc power regulation. In stand-alone DFIGdc systems, the in-quadrature rotor current is used to regulate the dc voltage as described in [17] .
Despite its attracting low-cost, the diode bridge rectifier has the drawback of injecting current harmonics in the stator windings and producing a highly distorted stator voltage and flux linkage. As explained in [18] and [19] , the interaction of stator flux and current harmonics causes significant torque ripple, which poses concerns for the life of the drive-train and bearings. Current and torque harmonics can be significantly reduced using multipulse rectifiers, which however need either a multiphase machine [20] or transformer [14] , then offsetting costs. In principle, torque ripple can be compensated for at the control level, by adding a precalculated high-frequency signal to the rotor current commands in order to reject torque harmonics. This technique, however, is effective only if the current control is capable of accurately tracking the compensation signals, typically pulsating at six times the stator frequency [19] . When the current control is based on simple proportional-integral (PI) controllers, pushing the bandwidth up to adequate levels can be unfeasible, due to noise and reduction of stability margins especially in the stator flux dynamics [21] , [22] . Transient feed-forward compensation terms [23] help reduce the impact of harmonics on the rotor current control but do not improve the tracking of high-frequency reference signals. PI controllers implemented in multiple frames or PI resonant controllers are capable of achieving the required selective accuracy, and they have been considered for ac-grid DFIGs in order to reject disturbances coming from a distorted or unbalanced grid voltage or nonlinear loads [19] , [24] . In [25] , this technique has been specifically implemented in the DFIGdc system to compensate for the main component of torque ripple. Compensation signals for the ripple can also be directly added to the voltage commands, by-passing the current control and improving robustness. This strategy has been proposed in [26] to cope with voltage imbalance in ac-grid-connected DFIGs and has then been extended to a DFIG-dc system in [27] .
Even if torque-ripple mitigation techniques based on resonant controllers [25] and [27] achieve good results in the operation at the rated stator frequency, tuning resonant controllers is not straightforward, and the sensitivity to frequency fluctuations remains a potential drawback of this approach. This can be particularly critical for DFIG-dc systems where the stator frequency set-point may be deliberately changed over a wide range, in order to optimize efficiency at low load [29] . For instance, resonant controllers [25] and [27] having fixed resonance frequency of 300 Hz and a bandwidth up to 20 rad/s ( 3.2 Hz) cannot cope with frequency drifts larger than a fraction of Hz without producing a dramatic deterioration in tracking. Increasing resonant controller bandwidth and the gain is unfeasible as it produces collateral detrimental effects in the current control, such as lower cut-off frequency on one side, and poorer disturbance rejection capability at high-frequency, because of the double resonance peak [27] . Scheduling the resonance frequency according to the stator frequency estimated via a phase-locked loop is a valid solution to cope with small-frequency drifts in grid-connected systems with a rigid frequency set-point [19] , but it adds complications and can produce unwanted interactions with current controllers if the set-point frequency varies over a wide range. Active filters [28] to eliminate current harmonics can solve the torque ripple issue once and for all, but require an additional converter, usually the grid-side VSI in the standard ac DFIG interface [16] , and decoupling inductors which complicate the layout of the system considerably. This paper proposes a radically different approach for the torque ripple mitigation in a DFIG-dc system. Rather than improving the current tracking, a predictive compensation algorithm for the current loop delay is implemented to achieve the needed tracking accuracy for the torque ripple rejection signal directly. This signal is still derived from the reference torque normalized to the stator flux magnitude as in [25] , but the current control relies on simple PI regulators implemented in the stator-flux reference frame. As adopted in DFIG controls operating with unbalanced ac grids [23] , transient feed-forward terms compensating for the highly distorted rotor electromotive force (EMF) are added to the outputs of PI controllers to improve the disturbance rejection. Unlike predictive control, that determines the best control output based on an optimization algorithm considering different possible predictive trajectories [30] , the proposed scheme corrects the reference input using a predictive calculation for the reciprocal of the stator flux in order to force the proper rotor current for torque ripple compensation. A sensitivity analysis is presented in Section IV to quantify the residual torque ripple in case of uncertainties in the estimated closed-loop time constant of current control and to calibrate the optimal advance time. Experiments conducted on a small-scale test rig are included in the paper and prove that control system exhibits good torque ripple rejection even using ordinary PI current controllers designed with relatively low bandwidth and is very robust against stator frequency drifts.
II. MODELING AND MAIN CONTROL LAYOUT
In order to simplify the analysis, this paper adopts the dynamic model corresponding to the Γ equivalent circuit of the induction machine in Fig. 1 .
Per unit (p.u.) variables (except for time) and motor conventions are considered throughout the paper: stator frequency and mechanical p.u. speeds ω s and ω m are referred to the base frequency ω b (in rad/s). The state-space model using stator flux and rotor currents as state variables and considering the stator-flux-oriented reference frame dq is
To be consistent with the Γ-model, rotor voltage (current) and flux are multiplied (divided) by the inductance ratio L s /M [10] . The mechanical speed ω m is treated as a constant parameter and the mechanical equation is disregarded, as electrical transients are much faster than mechanical ones. Since the reference frame is aligned with the stator flux (ψ sq = 0), q-axis stator and rotor current components are linked by
The torque equation in the generator convention is
A. Control Layout
In the DFIG-dc system in Fig. 2 , the rotor circuits are fed by a VSI that is connected to the dc-link. The stator circuits are connected to the same dc-link through a diode bridge. The control is performed on the rotor side using the VSI which adjusts stator flux (or frequency) and torque. There are several methods published in the literature to control this system. In this paper, the control strategy proposed in [10] is used. The rotor currents are controlled in the stator flux reference frame by the VSI. Stator field orientation is implemented by estimating the stator flux position: the stator frequency is regulated based on the concept that the stator frequency × flux product is almost constant. The d-axis reference current is the output of a frequency controller which indirectly controls the stator flux. The torque is controlled in open loop by adjusting the q-axis rotor reference current according to
as it was previously proposed in [10] . The overall control scheme is shown in Fig. 2 , whereas details of the frequency control and flux estimation are shown in Fig. 3 . A similar strategy for the frequency control was used in [27] though with a different angle estimator and then supplemented with a direct-resonant control for the torque ripple compensation. A radically different approach was proposed in [11] , by forcing sinusoidal rotor currents at slip frequency through the rotor: this, however, does not eliminate the main component of the torque ripple.
In [10] , it was shown that the torque control based on (7) is only able to adjust the average torque and eliminate the influence of natural frequency flux oscillations (50 Hz) but it cannot eliminate the torque ripple component at 6ω b . This is due to the insufficient bandwidth of the current control loop and to the disturbances introduced in the rotor currents due to diode commutation. The structure of the current loops is analyzed in the next paragraph.
B. Current Loops
The usual representation of the DFIG rotor current control considers decoupled d-and q-axis current loops, as cross-coupling terms are generally compensated [6] , [21] . During perturbations affecting the stator flux, such as stator voltage dips, and under distorted or unbalanced stator voltage [23] , transient and distorted EMFs e d and e q also appear as disturbances in the current loops. They are obtained from the stator flux linkage by rearranging rotor equations (3) and (4) 
In the DFIG-dc system, disturbance EMFs e d and e q [see (8) and (9)] are due to the commutation of diodes. They can be estimated using stator measurements (voltage and current), stator flux estimation, and rotor speed, and then injected back at the output of PI controllers. Compensation for e d has been previously proposed in [23] to cope with negative-sequence voltage disturbances originated by grid imbalances.
Disturbances e d and e q are not the primary source of torque ripple in the DFIG-dc system, however they propagate through the current loops to the electromagnetic torque, then interact with any torque-ripple mitigation strategy based on the shaping of q-axis command signal. For this reason, transient EMF compensation [23] is used in this paper as a countermeasure to reduce detrimental impact of e d and e q on the mitigation strategy explained in Section III. Fig. 4 shows the resulting scheme for the current control, the flux stabilization is explained in Section III-A. The chevron "∧" denotes that transient EMFs are estimated from measurements [see (8) and (9)].
The synthesis of PI controllers is carried out using wellestablished rules such as, for example, the optimum modulus criterion, considering the rotor current block shown in Fig. 4 with no cross-coupling, and accounting for the inverter delay.
III. TORQUE RIPPLE MITIGATION
The torque ripple is produced by the interaction of flux linkage and stator current harmonics, both caused by the diode commutation. A simplified analysis of the torque ripple has been conducted in [25] and [27] under the assumption of continuous conduction mode (CCM) operation, showing that the fifth and seventh harmonics in the stator flux and currents are the majorly responsible for the main torque ripple component pulsating at 6ω b .
The core of the torque mitigation strategy proposed in this paper is a predictive algorithm for compensating the effect of current control delay on the q-axis rotor current command (7) . With this method there is no need for resonant controllers to be implemented for the current control or the torque ripple compensating signal. Current loops adopt the usual two PI regulators in the field-oriented frame and can then rely on a fairly conventional and well-established design framework.
For the predictive algorithm to work properly, a stabilization signal for the flux linkage is injected in the d-axis current control loop.
A. Stabilizing Stator Flux
Under stator field orientation, the ac grid connected DFIG can become electrically unstable because of the poorly damped stator-flux modes [21] , [22] . This may result in natural oscillations on the stator flux. As in the method proposed, the stator flux is used to control the stator frequency by the reference current i rd , this may cause instabilities in the system. To avoid instabilities, the stabilizing chain proposed in [22] is added in parallel to the frequency control. This chain computes the variation of the flux relative to its average value and adds it to the d-axis reference rotor current after the multiplication by a gain k st
(10) The two parameters k st and ω c are set according to [22] (in this case ω c = 8 rad/s, k st = 1/15). The flux magnitude is estimated using a low-pass filter as detailed in Fig. 3 .
B. Predictive Computation of q-Axis Rotor Current
Due to the distorted stator flux at denominator in (7), the q-axis reference rotor current for torque ripple compensation is inherently distorted and exhibits a main harmonic pulsating at 6ω b , namely at 6 p.u. frequency.
For this signal to be accurately tracked, the current control should be designed to have a bandwidth much higher than 6ω b , even with a satisfactory decoupling and compensation for EMF disturbances. Such a requirement is in general not achievable in a practical system.
Instead of increasing the current control bandwidth, this paper proposes a predictive implementation of (7), where term ζ(t) = 1/ψ s (t) at time t is replaced by its prediction ζ(t + h) at time t + h, where h is the predictive advance time. In theory, h should be equal to the closed-loop response delay of rotor current controllers in order to compensate for it. An approximate first-order representation of the current loop in Fig. 4 can be used to evaluate h.
The prediction ζ(t + h) is determined by the forward Euler formula
Replacing definition ζ(t) = 1/ψ s (t) into (11) and using (8) gives
where the upper dot denotes the time derivative. Equation (12) allows a direct estimation of ζ(t) in a single shot.
IV. SENSITIVITY ANALYSIS AND DISCUSSION
The implementation of (12) requires the advance time h and it is of paramount importance to understand how the choice of h affects the steady-state offset torque error and residual torque ripple. In order to study the sensitivity to h, the closed-loop current control shown in Fig. 4 is approximated by a first-order transfer function with time constant τ . The core of the torqueripple compensation is then represented as in Fig. 5 , where the grey block contains the predictive delay compensation. When h = 0, Fig. 5 represents the basic scheme. The stator flux ψ s (t) is treated as an input. The natural formulation of the state-space model for the scheme in Fig. 5 
For the sensitivity analysis, it is more convenient rearranging the model by using torque T e as state variable instead of i Rq . This is done by differentiating (6) and then using the equality i Rq = T e /ψ s and (13) to eliminate i Rq and its derivative. The resulting model is a first-order linear, nonautonomous ordinary differential equation
with
and with forcing term b(t) depending on h
The steady-state solution after decay of free-oscillations is
For the derivation of (17) the reader is referred to Appendix I: (17) includes the average and torque-ripple components and is used in the next sections to develop the torque analysis.
A. Steady-State Torque With No Predictive Compensation
In the basic scheme, h = 0 and the forcing term b(t) is constant. Replacing (16) with h = 0 into (17) gives the expression of the steady-state torque with no predictive compensation (superscript "np"), namely
Assuming an approximation for ψ s (θ)/ψ 0 in CCM [25] (ψ s0 = mean value) and (1 + ε) 
where α = ω b τ . Thanks to properties of trigonometric functions, the mean value of (20) over one period deviates from unity only due to the contribution of products between cosines with n = k. These are completely negligible because they decay as 1/k 6 . This means that there is no appreciable steady-state offset torque error in T (20) and neglecting products between sines and cosines yield
Equation (21) shows that when the dominant time constant τ of the closed-loop current control tends to zero, the basic scheme achieves full compensation for the torque ripple.
B. Steady-State Torque With Predictive Compensation
When h = 0, (17) becomes
where superscript "pd" stands for "predictive compensation." Integrating the last contribution into the integral in (22) by parts gives
Thanks to (18) , the integrals in (23) can be replaced with T (np) e , and after some algebra (23) becomes
Equation (24) is the key relationship for the sensitivity analysis, as it links the steady-state torque of the predictive scheme to that of the basic control. When h = τ , (24) reduces to T (pd) e (t) = T * e , which proves that the predictive compensation ideally achieves zero average torque error, and no torque ripple. In case of mismatch in h, namely h = τ , (24) predicts a residual time-varying waveform (i.e., torque ripple) with the same pattern occurring in the basic scheme without compensation, but scaled by the factor (1 − h/τ ). Therefore, the steady-state average torque error remains practically zero, as in the basic scheme. It can be proved that this is a peculiarity of using ζ(t + h) instead of simply 1/ψ s (t + h).
C. Sensitivity Transfer Function
To conclude this analysis, it is worth considering the linearization of scheme in Fig. 5 around a quiescent point. Linearization is somehow complementary to (13)- (17) . It gives further understanding of the torque ripple, but it does not provide any information on the steady-state offset torque error. Linearizing the scheme in Fig. 5 around a steady-state point with i Rq0 = T * e /ψ s0 and T * e = const., and using symbol F I (s) to denote the exact closed-loop current transfer function give
(1 + hs)Δψ s .
Using ΔT e = ψ s0 Δi Rq + i Rq0 Δψ s and (25) yields the following torque/flux ripple transfer function:
With the approximation F I (s) 1/(1 + sτ ), predictivedelay compensation can be interpreted as a zero-pole cancellation, However, (26) can also be used with the exact transfer function F I (s) accounting for PI controllers: Fig. 6 shows the magnitude bode diagram of (26) for different values of h when T * e /ψ s0 = 1 p.u. and offers a tool to find the optimal value h 0.5 ms (thick red line). The dotted trace with sharp notch in Fig. 6 refers to torque-ripple/flux sensitivity of scheme [25] based on resonant controllers. This can be still obtained with (26) , by setting h = 0 and using a currentcontrol, closed-loop transfer function F I (s) accounting for resonant controller 2k r ω c s/(s 2 + 2ω c s + (6ω b ) 2 ) in parallel with the PI controller, and with typical design values k r = 40 p.u. and ω c = 10 rad/s [25] . Fig. 6 shows that, with predictive delay compensation and optimal h = 0.5 ms, torque-ripple rejection at 300 Hz is close to what is achievable with practical resonant controllers, but it is more robust against frequency drifts, as ΔT e /Δψ s is low over a wide frequency range instead of having only a sharp notch. It can be proved that scheme [27] performs similarly to [25] .
V. SIMULATION RESULTS
Simulation results were obtained with a detailed model of a 3.2 kW machine and test-rig using MATLAB/Simulink. The parameters are presented in Appendix II.
The voltage and flux level were set to 0.75 p.u. to be consistent with test conditions in Section VI. Being independent of rotor speed, simulations were carried out under operating conditions close to synchronism (ω m = 1.05 p.u.): the stator voltage shown in the figures was obtained using a first-order filter with a small time constant (0.1 ms) to eliminate the numerical noise. The bandwidth of the rotor current controllers was set at 6 p.u.
A. Basic System Without Compensation
The basic control system with no compensation for torque ripple and transient EMF is used as benchmark to compare performances of compensation. Figs. 7 and 8 show the response to a 0.4 p.u. step change in the reference torque: the system is operating near the rotor current limits.
Stator flux magnitude, dq rotor current and torque (see Fig. 7 ), and EMFs (see Fig. 8 ) show significant ripple pulsating at six times the stator frequency. As the tracking of the high-frequency component in the reference currents is inadequate, significant torque ripple occurs (0.038 p.u.).
B. System With Disturbance EMF Compensation Only
The purpose of this method is to improve the performance reducing spurious oscillations in the rotor currents due to diode commutation. Simulation results for the same step transient in Fig. 7 are shown in Fig. 9 .
Although disturbances are partially compensated, the bandwidth of current controllers is not high enough to achieve a good tracking of the main harmonic component in i rq * and coming from the 1/ψ s term required for the torque ripple compensation. The quality of tracking is apparent in Fig. 9 comparing the reference and actual rotor currents. As a result, the torque ripple is only partially reduced from case A and now is worth 0.022 p.u. Considering T * e = 0.4 p.u. and an estimated dominant time constant τ 0.5 ms for the current loop, (21) predicts a torque ripple amplitude of 0.015 p.u.
C. Disturbance EMF and Predictive Delay Compensation
The performance of the predictive delay compensation on ζ(t) = 1/ψ s (t) is shown in Fig. 10 . The predictive advance time h was set to 0.5 ms, to be approximately equal to the dominant time constant τ of the q-axis rotor current controller. Notice that the tracking of i * rq is still comparable to that in Fig. 9 but i * rq is now significantly different from what is shown in Fig. 9 . In fact, i * rq now contains the delay compensation on 1/ψ s (t). Consequently, the torque oscillations are considerably reduced, being worth 0.01 p.u. Table I presents the spectrum of torque and stator currents with the basic control scheme and with predictive control. In all the three cases, the average electromagnetic torque (harmonic order = 0) is accurately tracked. Compared to the Basic (see Fig. 6 ) T basic scheme, the predictive delay compensation reduces the main torque ripple component at 300 Hz from about 10% down to less than 2% of the average value, without increasing the second harmonic component (600 Hz).
VI. EXPERIMENTAL RESULTS
This section presents some experimental results obtained using a 3.2-kW wound-rotor induction machine: parameters are provided in Appendix II. The control algorithms were implemented in a Microchip dsPIC30F4011. Two dq PI current controllers were implemented in a stator flux reference frame. To extract experimental variables from the DSP in real-time, four PWM output channels with simple RC filters were used. The bandwidth of these filters is 600 Hz. Steady-state currents and voltages were obtained from sensors directly connected to the stator terminals. The actual rotor position was measured using an incremental encoder and the quadrature encoder interface of the dsPIC used. Stator windings are delta-connected to reduce stator/rotor turn ratio from 3.45 (star) down to about 2. This value is still not optimal for the system; therefore, the stator flux level was decreased to 0.75 p.u. Fig. 11 shows a picture and schematic of the test rig (the dc grid is created by a dc generator set in the Lab basement). As compensation of the disturbance EMF is needed to avoid additional contributions to the torque ripple, only the basic system and the system with disturbance and predictive delay compensation are tested. 
A. Basic System Without Compensation
Stator flux magnitude, dq rotor currents, and electromagnetic torque waveforms in the basic systems with no compensation are presented in Fig. 12 showing the response to a torque step from 0.1 to 0.4 p.u.
The dq inner rotor current controller response is shown in Fig. 13 . This was obtained without EMF compensation or stator flux stabilization. Fig. 13 shows clearly that PI controllers have limited bandwidth that is not enough to achieve a proper current tracking. Fig. 14 shows the steady-state stator voltage and current in phase a. The final speed is about 1650 r/min (1.1 p.u.).
The ripple due to diode bridge commutation is clearly seen on the torque signal and it is due to the limitations in the current tracking. The amplitude of the torque ripple component at 300 Hz is about 0.04 p.u. The sixth harmonic component is present in all the variables, especially flux and torque. The natural oscillations of the stator flux at 50 Hz are also shown and will vanish after some time. The diode bridge is operating very close to CCM. Fig. 15 presents the behavior of the system using disturbance EMF compensation and predictive delay compensation on the q-axis rotor current reference.
B. Disturbance EMF and Predictive Delay Compensation
Testing conditions are similar to those considered in Fig. 12 . During the transient, the system behaves like the basic control In order to stress the response of the predictive delay compensation and allow a better understanding of the principle, details of the current tracking are presented in the next section using a reduced bandwidth for the PI current controllers.
C. Results With Lower Current Control Bandwidth
Figs. 16 and 17 show the response obtained with slower rotor current controllers. In this case, the bandwidth was reduced to half of the value used in Figs. 12-15 (i.e., 150 Hz), and the compensation time on the predictive compensation algorithm was doubled accordingly. The component at 300 Hz in the torque is still small (0.015 p.u.). It can be concluded that the method is also appropriate for plants designed with slower rotor current controllers.
The effect of the predictive compensation on the rotor currents is illustrated in Fig. 17 . The command and the actual signals for the q-axis rotor current are shown in the first subplot. The command signal i * rq = (M/L s )T * e ζ(t + h) is computed using the corrected value for ζ in (12) . The ideal q-axis reference rotor current computed with (7) (translated from the Γ-model using M/L s ) is not used in the predictive delay compensation but is compared to the actual rotor current in the second subplot. On one hand, there is a high delay between reference and actual signals, due to the insufficient controller bandwidth: these two signals are almost in quadrature. On the other hand, the actual q-axis rotor current is almost overlapped to ideal reference (7): no perceptible delay is observed. Instead of improving the poor current tracking, the predictive algorithm compensates for it by correcting the reference command, and makes the actual current to be the in phase with the ideal reference (7). Similar results are obtained at different speeds and torques, showing that the predictive algorithm for 1/ψ s makes the torque ripple reduction achievable with the simple PI structure for the current controllers.
D. Results Obtained at Higher Stator Frequency
The optimal operation of the DFIG-dc system may be implemented using field weakening when the load torque is moderate or small [29] . As the stator flux-frequency product is almost constant, decreasing the stator flux is equivalent to increasing the stator frequency. Fig. 18 shows the stator flux α-component, dq-currents, and torque under field-weakening conditions resulting in a stator frequency of 62 Hz. As reference torque T * e = 0.4 p.u. is unchanged from previous tests and stator flux is reduced, i rd automatically reduces and i rd increases accordingly, to keep the same torque level. Fig. 18 shows that the performance of the torque-ripple mitigation is independent of stator frequency. 
E. Results Obtained Using a Mismatched Time Advance
To verify the design of the torque ripple compensation, Fig. 19 shows current and torque waveforms obtained using mismatched h = 0.2 ms (lower than τ = 0.5 ms). The stator frequency is at the rated value of 50 Hz and the rotor current bandwidth is set at the original value. Fig. 19 clearly shows that a torque ripple occurs if h is not properly set: the main component amounts to 0.025 p.u. This is the consequence of the not completely compensated delay between the ideal q-axis reference rotor current computed with (7) and the real i rq .
VII. CONCLUSION
This paper presented a method for reducing the torque ripple caused by the diode bridge in the DFIG-dc system. The mitigation strategy was based on a predictive algorithm that estimated the reciprocal of the stator flux magnitude with a time advance equal to the dominant time constant of the current control. This estimate was introduced in the expression of the electromagnetic torque to obtain the q-axis reference rotor current corrected for the control delay and ready for torque-ripple compensation. This allowed the system to rely on the usual current control structure based on PI controllers, with no need of improving the current tracking through sophisticated current controllers. For the predictive algorithm to work properly, disturbance compensation terms for the transient rotor EMF were implemented to attenuate spurious oscillations in the rotor currents at six times the base frequency. Theory, simulations, and experimental results showed that the proposed technique was robust against frequency variations and effective in reducing the main component of torque ripple even using relatively slow PI current controllers.
APPENDIX I Equation (16) has the following formal solution [31] T e (t) = T ei e −A (t) + e where T ei is the initial condition at t = −∞ and
A(t) = a(t)dt = t τ − log ψ s (t). (A-2)
The stator flux ψ s (t) is a periodic function, which means that at steady-state (after some time since the initial instant), the term multiplied by the initial value T ei in (A-1) vanishes. The steady-state torque T e (t) (19) 
